Hypocretinergic (orexinergic) neurons in the lateral hypothalamus project to motor columns in the lumbar spinal cord. Consequently, we sought to determine whether the hypocretinergic system modulates the electrical activity of motoneurons. Using in vivo intracellular recording techniques, we examined the response of spinal motoneurons in the cat to electrical stimulation of the lateral hypothalamus. In addition, we examined the membrane potential response to orthodromic stimulation and intracellular current injection before and after both hypothalamic stimulation and the juxtacellular application of hypocretin-1. It was found that (1) hypothalamic stimulation produced a complex sequence of depolarizing-hyperpolarizing potentials in spinal motoneurons; (2) the depolarizing potentials decreased in amplitude after the application of SB-334867, a hypocretin type 1 receptor antagonist; (3) the EPSP induced by dorsal root stimulation was not affected by the application of SB-334867; (4) subthreshold stimulation of dorsal roots and intracellular depolarizing current steps produced spike potentials when applied in concert to stimulation of the hypothalamus or after the local application of hypocretin-1; (5) the juxtacellular application of hypocretin-1 induced motoneuron depolarization and, frequently, high-frequency discharge; (6) hypocretin-1 produced a significant decrease in rheobase (36%), membrane time constant (16.4%), and the equalizing time constant (23.3%); (7) in a small number of motoneurons, hypocretin-1 produced an increase in the synaptic noise; and (8) the input resistance was not affected after hypocretin-1. The juxtacellular application of vehicle (saline) and denatured hypocretin-1 did not produce changes in the preceding electrophysiological properties.
Introduction
A specific population of neurons that is located in the lateral and dorsomedial hypothalamus synthesizes two neuropeptides, hypocretin (Hcrt)-1 and Hcrt-2 (also called orexin A and orexin B) Peyron et al., 1998; Sakurai et al., 1998; Nambu et al., 1999; Sakurai, 1999) . The actions of these peptides are mediated by two membrane receptors, Hcrtr-1 and Hcrtr-2, that are coupled with G-proteins (Sakurai et al., 1998; Trivedi et al., 1998) .
The projections of hypocretinergic neurons exhibit extensive divergence as demonstrated by the presence of Hcrt-containing terminals at all levels of the neuraxis Chen et al., 1999; Date et al., 1999; Nambu et al., 1999; van den Pol, 1999; Zhang et al., 2002) . Hcrt-containing terminals are present in forebrain, brainstem, and spinal cord structures that are involved in the regulation of posture and movement, sleep and wakefulness, sensory input, autonomic activities, as well as other behaviors Chemelli et al., 1999; Chen et al., 1999) . For example, hypocretinergic neurons innervate the dorsal horn as well as the ventral horn of the spinal cord (van den Pol, 1999) . Recent work from our laboratory has confirmed the preceding data vis-à-vis suprasegmental and segmental projection sites of hypocretinergic neurons within the CNS of the cat Fung et al., 2001; Zhang et al., 2001a Zhang et al., ,b, 2002 .
Consequently, we were interested in examining the manner in which Hcrt affects the activity of spinal motoneurons. We determined that the Hcrt system facilitates the response of spinal motoneurons and produces specific changes in their electrophysiological properties that result in an increase in their excitability. Preliminary results have been reported previously .
Materials and Methods
Experiments were performed in 11 adult male cats (3.5-4.5 kg). All animals were in good health as determined by veterinarians in the Department of Laboratory Medicine of the University of California Los Angeles School of Medicine. The experimental procedures that were used were in accord with the guidelines set forth in the Guide for the Care and Use of Laboratory Animals, National Research Council (1996) .
Surgical procedures
Details of the various surgical procedures that were performed to record intracellularly from lumbar motoneurons have been described previ-ously (Morales et al., 1987; Xi et al., 1997) . Briefly, under isofluorane anesthesia, the trachea was cannulated and the right carotid artery and jugular vein were catheterized. A laminectomy was performed to expose the lumbosacral cord (L4 -S1). In one group of cats (n ϭ 9), the dorsal roots L5-S1 were cut distally, the ventral roots were left intact, and the following hindlimb nerves were cut distally and placed on silver hook electrodes for electrical stimulation: the trunks of the nerves that innervate the hamstrings muscles, triceps surae, common peroneal, and quadriceps. The trunk of the sciatic nerve, before its division in the popliteal fossa, was also placed on a stimulating electrode. In another group of animals (n ϭ 2), both the dorsal and ventral roots were cut distally, and one ventral root (L7) was placed on a silver hook stimulating electrode. In all cases, the dorsal root of the spinal segment in which recording was being conducted was placed on a silver hook stimulating electrode. A hole in the cranium, ϳ6 mm in diameter, provided access for an electrode used for electrical stimulation of the lateral hypothalamus (see below). After the completion of surgery, ␣-chloralose (60 mg/kg, i.v.; 10 cats) or Nembutal (40 mg/kg, i.v.; 1 cat) was substituted for isofluorane. The data obtained were similar when either anesthetic was used (see below).
Stimulation and recording procedures
Stainless steel electrodes (ϳ5 M⍀ tip resistance) were used for electrical stimulation of the hypothalamus, which was performed ipsilaterally to the recorded spinal motoneurons (0.5 Hz; single pulses or trains of four pulses at 300 Hz; 500 -1000 A, 0.8 msec). The tip of the hypothalamic stimulating electrode was directed to anterior 10, lateral 1.5, height Ϫ2, according to Berman's atlas of the feline forebrain. A high concentration of hypocretinergic neurons is present in this hypothalamic area in the cat (Zhang et al., 2001b) .
Motoneurons were identified by antidromic stimulation of their axons in the ventral roots or nerves. The severance of dorsal roots L5-S1 in cats with intact ventral roots eliminated the possibility of contaminating the antidromic response of ␣-motoneurons with orthodromically induced responses. Dorsal root stimulation allowed for the recording of reflex responses from motoneurons.
Intracellular recordings from motoneurons were performed using broken-tip micropipettes filled with 3 M KCl or 2 M K-citrate (tip resistances were 5-10 and 15-30 M⍀, respectively); these micropipettes were aligned and glued, under microscopic visualization, to a multibarreled electrode that was used for the pressure ejection of various substances (see below). The tip of the recording micropipette protruded 75-150 m from the tip of the multibarrel assembly.
The recording electrodes were connected to a high-input impedance preamplifier with negative capacitance compensation (Axoclamp 2A; Axon Instruments, Union City, CA). Current pulses were injected into the motoneurons through the built-in bridge circuit of the preamplifier. Intracellular DC records were amplified (10ϫ and 100ϫ) and recorded on VHS tape using a pulse code modulation module (model 4000; Vetter, Rebersburg, PA). The ejecting micropipettes were connected to a twochannel picoinjector (model P100; Harvard Apparatus, Holliston, MA). Pressures of varying intensity and duration were used (2-50 psi, 0.5-40 sec) to juxtacellularly apply Hcrt-1 [100 M diluted in saline; Hcrt-1 (orexin A); American Peptide, Sunnyvale, CA], Hcrt-1 that was denatured by boiling for a period of 5 min (100 M in saline), and vehicle (saline). Hcrt-1 was chosen instead of Hcrt-2 because it acts on Hcrt receptor types 1 and 2 and both Hcrts are colocalized in the axonal projections of hypocretinergic neurons (Date et al., 1999) . Henceforth, unless specified otherwise and for the sake of simplicity, we will refer to Hcrt-1 as Hcrt. SB-334867, a Hcrt type 1 receptor blocker (Smart et al., 2001 ) (provided by GlaxoSmithKline, Essex, UK), was applied juxtacellularly (100 M) onto spinal motoneurons.
The arterial blood pressure of the cats was constantly monitored; the systolic pressure was kept between 110 and 140 mmHg. Rectal temperature was maintained at 38.5 Ϯ 0.5°C; pCO2 was kept at 4 -5%. At the completion of the experiments, DC anodal current (100 A, 30 sec) was injected at the site of hypothalamic stimulation for subsequent anatomical identification. Animals were then given injections of an overdose of Nembutal (80 -100 mg/kg, i.v.) and perfused through the aorta with saline, followed by a solution of 10% formalin that contained 2% of potassium ferrocyanide.
Analysis of data
Data were analyzed from motoneurons that exhibited antidromic action potential amplitudes that were Ն55 mV. The following parameters were measured of the depolarizing potentials that were evoked by hypothalamic and dorsal root stimulation: peak amplitude, measured from baseline to peak; latency to the onset, measured from the initiation of the stimulation artifact to the foot of the EPSP; latency to peak, measured from the initiation of the stimulation artifact to the peak of the EPSP; half-width duration, which is the duration of the EPSP at half amplitude; half-decay time, measured from the peak of the EPSP to the point where it repolarized to its half amplitude; and total duration, measured from the foot of the EPSP to the point where it returned to baseline. The peak amplitude of the IPSP that was evoked in a portion of the recorded motoneurons after hypothalamic stimulation was measured from baseline to the peak of the potential. In addition, the following electrophysiological properties of motoneurons were determined before and after the juxtacellular application of Hcrt: changes in resting membrane potential (RP), rheobase (Rh), input resistance (R in ), membrane time constant ( b ), and equalizing time contant ( c ). Membrane depolarization was measured from baseline before Hcrt ejection to the point of maximum depolarization after Hcrt ejection. The Rh was determined as the minimum intensity of a 50 msec depolarizing current pulse that was necessary to elicit a full-sized action potential. The R in was calculated, using the "direct method" (Zengel et al., 1985; Engelhardt et al., 1989) , from the averaged voltage change that was produced by subthreshold, depolarizing, or hyperpolarizing current pulses of 50 msec duration. Time constant values were obtained from the decay transient of the voltage response that followed the cessation of a depolarizing or hyperpolarizing current pulse; this method, which has been described previously in detail, consists of successively "peeling" exponential terms with the longest time constant from semilogarithmic plots of voltage versus time (Engelhardt et al., 1989 (Engelhardt et al., , 1995 .
The statistical level of significance for the difference between the mean values of each variable obtained during the control condition (before drug application) compared with those obtained after drug application was determined using the two-tailed paired Student's t test. The level of significance was set at p Ͻ 0.05. Because more than one ejection of Hcrt or vehicle was applied to some motoneurons, the sample numbers for the mean (ϮSEM) of each variable represent, unless indicated otherwise, the number of experimental trials.
Results

Motoneuron response to electrical stimulation of the hypothalamus
Stimulation of the perifornical area of the hypothalamus (Fig.  1 A, filled circles; stimulation sites in five cats) with a single pulse or train pulses ( Fig. 1 B, C) produced a complex depolarizing response in spinal motoneurons that consisted of an early, fast depolarization that reached its peak at a mean latency of 18.5 msec (Ϯ0.17 msec; n ϭ 12), followed by a trough and a second depolarizing potential that reached its maximum amplitude at ϳ30 -60 msec ( Fig. 1 B, bottom trace, C) . The mean latency to the onset of the motoneuron response was 14.25 msec (Ϯ0.64 msec; n ϭ 12), and the full duration of the hypothalmus-induced depolarizing potentials sequence lasted ϳ100 msec (Fig. 1 B) . A late hyperpolarization, which lasted up to 500 msec, followed these depolarizing potentials in most, but not all, of the recorded motoneurons ( Fig. 1 B, bottom trace, C). It should be noted that this IPSP was recorded with both K-citrate-and KCl-filled micropipettes (see Figs. 1 and 3) .
The motoneuron depolarizing and hyperpolarizing responses to hypothalamic stimulation exhibited a behavior typical of postsynaptic potentials (EPSPs and IPSPs) (i.e., the amplitude of the depolarizing potentials decreased by depolarizing the mo-toneuron, and it increased when the cell was hyperpolarized whereas the opposite occurred for the late hyperpolarizing potential) (Fig. 1C,D) . Interestingly, a discrete IPSP was observed at the initial portion of the second EPSP when the motoneuron was depolarized (Fig. 1C , curved arrow, top trace).
Hypothalamic stimulation-induced depolarization of spinal motoneurons facilitated the direct response of these cells to subthreshold intracellular depolarizing current pulses and their reflex response to stimulation of Ia afferents in the dorsal roots. Figure 2 shows the responses of a spinal motoneuron to stimulation of the hypothalamus (Fig. 2 A1 ) and a depolarizing current pulse (Fig. 2 A2) . When delivered separately, each of these stimuli was ineffective (i.e., subthreshold) in producing a discharge in the motoneuron. However, when hypothalamic stimulation was delivered during the depolarizing current step, the motoneuron responded with an action potential (Fig. 2 A3) . Similar results were obtained when hypothalamic stimulation interacted with Ia afferent stimulation. As shown in Figure 2 B, stimulation of the hypothalamus and dorsal root that were subthreshold when delivered separately (Fig. 2 B1 ,B2) were effective in eliciting an action potential in the motoneuron when they were delivered with interstimulus intervals sufficient to promote the temporal summation of their responses (Fig. 2 B3) . The facilitated state that was exerted by hypothalamic stimulation lasted several tens of milliseconds. As shown in Figure 2C , intervals between hypothalamic and dorsal root stimulation that were equal to or shorter than 65 msec ( Fig. 2C2 ) were effective in producing motoneuron discharge.
To determine whether a component of the hypothalamically induced response was mediated by the local release of Hcrt, the Hcrt type 1 receptor antagonist SB-334867 was juxtacellularly applied during hypothalamic stimulation. After the application of SB-334867, there was a statistically significant decrease in the mean amplitude of the hypothalamus stimulation-induced early EPSP (1.85 Ϯ 0.17 mV vs 1.47 Ϯ 0.21 mV; n ϭ 12; p Ͻ 0.001; paired Student's t test) (Fig. 3A , straight arrows). The mean amplitude of the second EPSP was also reduced by the application of SB-334867 (0.37 Ϯ 0.06 mV vs 0.3 Ϯ 0.07 mV; n ϭ 12; p Ͻ 0.003; paired Student's t test) (Fig. 3A, curved arrows) . In contrast to the , an early depolarizing potential (straight arrows), followed by a trough, and a subsequent depolarizing potential (curved arrows) that exhibited a long-duration time course and a variable latency to peak. A late, long-lasting hyperpolarizing potential was frequently present (indicated by an asterisk in the bottom trace in B and top trace in C). Clamping the resting potential at different levels by intracellular current injection produced changes in the amplitude and waveform of these potentials that were consistent with the typical behavior of postsynaptic potentials ( C); for example, the amplitude of the early depolarizing potential decreased after depolarization, whereas it increased when the resting potential was maintained at hyperpolarized levels ( D). The recordings in B were obtained from different triceps surae motoneurons using K-citrate-filled micropipettes, whereas those in C and D were obtained from a sciatic motoneuron using a KCl-filled micropipette; the amplitude of their spikes was Ͼ65 mV. Each trace is an average of 8 -12 sweeps. IIIV, Third ventricle; DHA, dorsal hypothalamic area; F, descending column of the fornix; LHA, lateral hypothalamic area; VMH, ventromedial hypothalamic nucleus.
Figure 2.
Hypothalamic stimulation facilitates the discharge of lumbar motoneurons after subthreshold depolarizing current and orthodromic stimuli. Independent stimulation of the hypothalamus and the application of intracellular current steps (1.6 nA, 50 msec) did not elicit an active response in motoneurons (A1 and A2, respectively). However, when the same subthreshold, intracellularly injected depolarizing current pulse was conditioned with hypothalamic stimuli, the motoneuron was driven to threshold and discharged an action potential (A3). Similarly, whereas independent hypothalamic (B1) and dorsal root stimulation (B2) did not excite motoneurons, conditioning the dorsal root stimulus with that delivered to the hypothalamus produced orthodromic firing of the motoneuron (B3). Hypothalamic stimulation facilitated the discharge of motoneurons to dorsal root stimulation for interstimulus periods Յ65 msec (C2). ‫,ء‬ Hypothalamic stimulation-induced response; , reflex response.
EPSPs, the mean amplitude of the hypothalamically induced late IPSP did not change after the application of the Hcrt-1 receptor antagonist (0.35 Ϯ 0.08 mV vs 0.34 Ϯ 0.07 mV; n ϭ 12; p ϭ 0.567). To test whether SB-334867 actions were specific on the hypothalamically induced EPSPs, this compound was applied after dorsal root stimulation. SB-334867 produced no change in the mean amplitude of the reflex EPSP (1.0 Ϯ 0.16 mV vs 1.0 Ϯ 0.22 mV; n ϭ 6; p ϭ 0.42; Student's t test). The top traces in Figure 3 , B and C, illustrate that the application of SB-334867 onto a triceps motoneuron produced a 38% decrease in the amplitude of the hypothalamically induced EPSP; in contrast, the reflex response remained virtually unchanged (bottom traces in Fig. 3 B, C) . It is important to note that no statistically significant changes were observed in the mean RP after the application of SB-334867.
Motoneuron responses to juxtacellular ejection of hypocretin
Records from 32 motoneurons before and after the juxtacellular ejection of Hcrt (n ϭ 44) were included in the present study. In selected experiments, we determined whether the juxtacellular application of solutions of vehicle (n ϭ 6) and Hcrt that was previously boiled for 5 min (100 M; n ϭ 2) exerted any effect on motoneurons. In contrast to the application of Hcrt, the ejection of either vehicle or a boiled (denatured) Hcrt solution did not induce changes in the electrophysiological properties of spinal motoneurons.
Reflex response
Stimulation of dorsal roots at intensities that varied between threshold (T) and 2T elicited the typical EPSP monosynaptic reflex response that was, at the higher intensities, accompanied by an inhibitory component attributable to the recruitment of Ia and Ib inhibitory interneurons (Edgley and Jankowska, 1987; Jankowska, 1992) . Whereas Hcrt produced motoneuron depolarization in all cases, and frequently motoneuron discharge, the mean amplitude of the reflex EPSP did not significantly change after the application of this peptide (2.1 Ϯ 0.37 mV vs 2.2 Ϯ 0.39 mV, control and Hcrt, respectively; n ϭ 13; p ϭ 0.484; paired Student's t test). However, Hcrt induced statistically significant changes in the time course of the reflex responses that were recorded during the period in which motoneurons were depolarized. The mean half-width decreased by 10.6% (4.96 Ϯ 0.44 msec vs 4.43 Ϯ 0.43 msec, control and Hcrt, respectively; n ϭ 13; p Ͻ 0.001; paired Student's t test), the half-decay time decreased by 12.3% (3.9 Ϯ 0.29 msec vs 3.42 Ϯ 0.32 msec, control and Hcrt, respectively; n ϭ 13; p Ͻ 0.02; paired Student's t test), and the full duration of the EPSP decreased by 10.6% (18.6 Ϯ 1.76 msec vs 16.3 Ϯ 1.43 msec, control and Hcrt, respectively; n ϭ 13; p Ͻ 0.005; paired Student's t test).
Motoneuron depolarization
Motoneuron depolarization occurred in all motoneurons after the application of Hcrt (5.8 Ϯ 1.05 mV; n ϭ 32). These Hcrtinduced changes in RP are illustrated in Figure 4 for two representative lumbar motoneurons. The recording shown in Figure  4 A was obtained from a motoneuron in a cat that was anesthetized with Nembutal. This motoneuron depolarized after Hcrt application (indicated by the arrow), and depolarization was followed by high-frequency bursts of action potentials. Figure 4 , B and C, depict the response of a motoneuron to saline (vehicle) and Hcrt application in a cat that was anesthetized with ␣-chloralose. Whereas saline did not evoke changes in the RP, Hcrt produced a 7 mV depolarization that lasted ϳ30 sec.
Rheobase
The application of Hcrt produced a 36% decrease in Rh (Table 1) . As shown in Figure 5 for a representative motoneuron, the decrease in Rh was associated with membrane depolarization. Another experimental paradigm that was used to determine changes in the responsiveness of lumbar motoneurons induced by Hcrt application is shown in Figure 5A , wherein rheobasic current pulses, 150 -500 msec in duration, were applied to motoneurons. After the ejection of Hcrt, motoneurons responded to an identical current pulse with trains of action potentials (Fig. 5B) . The stimulation of the perifornical hypothalamus induced a depolarizing response that consisted of early and late EPSPs (A, straight and curved arrows, respectively). After the application of SB-334867 onto the recorded motoneuron, the early and late hypothalamically induced EPSPs decreased by 46.8 and 37.1%, respectively. No evident change occurred in the late IPSP after the application of SB-334867. Whereas SB-334867 decreased the synaptic response to hypothalamic stimulation (A and top traces in B and C), it did not affect the reflex EPSP (bottom traces in B and C). The records in A were obtained from a hamstrings motoneuron using a K-citrate-filled micropipette; those in B and C were obtained from a triceps surae cell using a KCl-filled micropipette. Each trace is an average of 10 -20 sweeps.
Input resistance
Changes in the R in of neurons reflect changes in the conductance of the cell membrane (Engelhardt et al., 1989) . Therefore, we determined whether Hcrt was capable of affecting this electrophysiological property of motoneurons. We found that the mean R in of motoneurons did not change after the application of Hcrt (Figs. 6 A, 7A , B, left histograms; Table 1 ). It should be noted that R in , as indicated by its measurement using the direct method, remained at similar values during Hcrt-induced motoneuron depolarization as well as when the motoneuron RP was kept approximately at the control (pre-Hcrt) level by passing hyperpolarizing DC current after the application of Hcrt (Fig. 6 A, middle and right trace, respectively).
In the present study, the threshold voltage (i.e., the product of Rh and the R in ) (Gustafsson and Pinter, 1984; Yamuy et al., 1992b ) calculated for five motoneurons in which both Rh and R in were quantified showed a statistically significant decrease (41%) after Hcrt application (Table 1) .
Time constants
The existence of changes in membrane conductance can be determined by calculating the membrane time constant ( b ) (Engelhardt et al., 1989 (Engelhardt et al., , 1995 . In addition, changes in the first equalizing time constant ( c ) are also related to changes in membrane conductance (Rall, 1977; Yamuy et al., 1992b; Liu et al., 1996) . The juxtacellular application of Hcrt-1 produced membrane depolarization and the discharge of lumbar spinal cord motoneurons. A representative motoneuron that was recorded from a cat anesthetized with Nembutal ( A) and orthodromically stimulated (L7 dorsal root; 0.5 Hz) began to depolarize ϳ1.6 sec after the onset of the ejection of Hcrt-1 from the tip of a pipette adjacent to the recorded cell (A, arrow) (3 psi, 5 sec). After a plateau of depolarization, during which time the motoneuron discharged at a high frequency, the resting potential slowly returned to baseline. The duration of Hcrt-1-induced depolarization was ϳ1 min. A motoneuron that was recorded from a cat during ␣-chloralose anesthesia (B, C) did not exhibit a significant change in its resting potential after the application of saline (B, arrow) (15 psi, 10 sec). However, after the same ejection pressure was applied through a second ejecting micropipette that contained Hcrt-1 (C, arrow), the motoneuron responded with a long-lasting depolarization. The motoneuron in A was not identified, whereas that in B and C was a hamstrings motoneuron. Hcrt-1 was injected at a concentration of 100 M, diluted in saline. . After the ejection of Hcrt-1, the motoneuron depolarized ϳ5 mV and its rheobasic current decreased to 3.7 nA (A, right spike, Hypocretin). Hcrt-1 induced an increase in the responsiveness of lumbar spinal cord motoneurons. Before the ejection of Hcrt-1, a sciatic motoneuron responded with a single action potential to a rheobasic current pulse (2.0 nA, 500 msec) (B, left trace). After Hcrt-1 application, the same cell responded to an identical stimulus with a train of action potentials (B, right trace).
Figure 6 B shows changes in the time constants of a hamstring motoneuron that occurred after the application of Hcrt. Initially, the time constant of the slow process described by Ito and Oshima (1965) ( a ) was determined to correct the raw data for an accurate measurement of b (Yamuy et al., 1992b) . After successive peelings, b and c were obtained. After Hcrt pressure ejection, b decreased from 4.3 to 3.5 msec (18.6%) (Fig. 6 B, top scattergram in the second column). In addition, c decreased from 0.58 to 0.47 msec after Hcrt application (19%) (Fig. 6 B, bottom scattergram in the second column). Note, as indicated by the scattergrams in the right column in Figure 6 B, that the Hcrtinduced decrease in both b and c continued to develop during the period of time when the RP was held at control values by passing hyperpolarizing DC current through the membrane. When the RP returned to control values and no hyperpolarizing current was injected, both b and c reverted to baseline values (data not shown). Overall, Hcrt application produced a statistically significant decrease in the mean b and c (16.4 and 23.3%, respectively) ( Fig. 7 A, B , middle and right histograms; Table 1 ).
Membrane noise
In a small number of motoneurons (2 of 16 neurons in which R in was assessed before and after Hcrt ejection), there was an increase in the amplitude of the membrane synaptic noise after Hcrt was applied. Figure 8 A shows a motoneuron that depolarized by ϳ4 mV after Hcrt ejection (indicated by the arrow). In portions of the recording of Figure 8 A (which are shown at a faster time base in Fig. 8 ,B and C, before and after Hcrt ejection, respectively), it is possible to view that large-amplitude depolarizing potentials, which resemble EPSPs, occurred only after the application of Hcrt (Fig. 8C) .
Discussion
In the present study, we have obtained direct in vivo evidence that the hypothalamic hypocretinergic system is capable of inducing changes in the synaptic responses and electrical properties of lumbar motoneurons that result in the facilitation of their discharge. . Hcrt-induced effects on the input resistance and time constants of lumbar motoneurons. The averaged response of a hamstrings motoneuron to a Ϫ3 nA current pulse was recorded during three different experimental conditions: (1) before Hcrt-1 ejection (i.e., control conditions) (A, left trace); (2) after Hcrt-1 ejection while the motoneuron was depolarized by ϳ5 mV (A, middle trace); and (3) during a period in which the Hcrt-induced depolarization was blocked by repolarizing its resting potential to its control, pre-Hcrt level by applying constant hyperpolarizing current (A, right trace). Compared with pre-Hcrt conditions, the input resistance (measured by the direct method) did not substantially change after Hcrt-1 application either during the depolarized state or when the resting potential was clamped to the pre-Hcrt level. The analysis of time constants during each experimental condition for this motoneuron was performed using the peeling method ( B). After successive peelings, the membrane time constant ( b ) and the first equalizing time constant ( c ) were determined (B, left traces). Both b and c decreased during Hcrt-1-induced depolarization (B, middle traces), indicating that the peptide produced an increase in the membrane conductance. This increase in membrane conductance was still present when the resting potential of the motoneuron was artificially maintained at control levels, indicating that it was not caused by the depolarization induced by Hcrt-1 (B, right traces). Figure 8 . Increase in membrane synaptic activity (noise) after Hcrt-1 application. A, Approximately 5 sec after Hcrt-1 was ejected (arrow), this motoneuron depolarized and large depolarizing potentials appeared. The portions of the recording in A that are indicated by an asterisk and a solid triangle are depicted, at a faster time base, in B and C, respectively. Note that the depolarizing potentials, which resemble EPSPs, are present only after the application of Hcrt-1 ( C).
Hypothalamic stimulation-induced response of lumbar motoneurons
During the first 100 msec after stimulation of the perifornical region of the hypothalamus, a complex, predominantly excitatory synaptic response was recorded in motoneurons. These data indicate a facilitatory physiological action of the hypocretinergic system on spinal motoneurons. In addition, these EPSPs were frequently followed by a late, long-lasting IPSP. The application of SB-334867 reduced the amplitude of the hypothalamically induced EPSPs but not that of the hypothalamically induced IPSP. This indicates that, at least in part, only the excitatory synaptic drive was mediated by the action of Hcrt-1 on receptors located in the vicinity of the injecting micropipette. Interestingly, this effect of SB-334867 was selective on hypothalamically induced EPSPs; the early component of the reflex reponse (i.e., the Ia EPSP), known to be mediated by ionotropic glutamatergic mechanisms (Walmsley and Bolton, 1994; Rekling, 2000) , was not affected by the Hcrt-1 antagonist. These results indicate that Hcrt does not act presynaptically on Ia afferents to facilitate the activity of motoneurons (see below).
Because SB-334867 did not abolish the hypothalamically induced response, a portion of this response was likely evoked by either one or both of the following: (1) a Hcrt-induced facilitation of excitatory and inhibitory inputs to motoneurons that are located at the suprasegmental (i.e., brainstem) or spinal cord level (i.e., spinal interneurons or presynaptic terminals of descending projections), or (2) stimulation of other hypothalamic descending systems in which somas or fibers are intermingled with Hcrtcontaining cells in the perifornical area. It should also be considered that the applied SB-334867 may have not reached all of the Hcrt type 1 receptors in the recorded motoneuron and that part of the hypothalamically induced EPSP was mediated by Hcrt type 2 receptors that were not likely blocked by SB-334867 at the concentration used in our study.
Hcrt-induced effects on the motoneuron reflex response
The juxtacellular application of Hcrt facilitated the discharge of motoneurons after subthreshold stimulation of dorsal roots in a manner similar to that which followed the electrical stimulation of the hypothalamus in concert with subthreshold stimulation of dorsal roots. In addition, Hcrt produced a small but statistically significant decrease in the mean half-width, half-decay time, and duration of the reflex EPSP. The reduced time course of this EPSP suggests that Hcrt produced an increase in the input conductance of motoneurons (Rekling et al., 2000) .
Hcrt-induced effects on the resting potential of motoneurons
Membrane depolarization, which was frequently accompanied by motoneuron discharge, occurred in lumbar motoneurons after the application of Hcrt. The Hcrt-induced increase in the firing rate and excitability of spinal motoneurons agrees with previously reported studies that have shown that Hcrt excites neurons in the locus coeruleus Bourgin et al., 2000) . Based on the large change that was induced in the mean RP, it is likely that Hcrt exerts a potent physiological excitatory effect on motoneurons. In addition, the data indicate that Hcrt acts on motoneurons that innervate different hindlimb muscles. Therefore, we proposed that the activation or suppression of the discharge of hypocretinergic neurons is accompanied by a general increase or decrease, respectively, in the responsiveness of lumbar motoneurons.
Rheobase
To determine whether Hcrt affects motoneuron excitability, we examined whether this peptide induced changes in the rheobasic current of lumbar motoneurons (Fleshman et al., 1981; Yamuy et al., 1992a) . Hcrt was found to induce a significant decrease in the mean Rh (i.e., it increased neuronal excitability). Because a decrease in Rh can also be produced by an increase in the R in (Engelhardt et al., 1989) , we examined whether the application of Hcrt was followed by changes in R in .
Input resistance
The R in was not affected after the application of Hcrt. Similar results were reported by Hagan et al. (1999) for neurons recorded in the locus coeruleus. The lack of change in R in suggests either that the direct method of determining this electrical property was not sensitive enough to detect small modifications in the resistance of the cell membrane, or that Hcrt produced changes in two or more ionic conductances that cancelled each other (Ivanov and Aston-Jones, 2000) , thereby promoting membrane depolarization without alterations in R in . In fact, after Hcrt, motoneurons depolarized by ϳ5.8 mV; therefore, the decrease in threshold voltage attributable to depolarization (Gustafsson and Pinter, 1984; Yamuy et al., 1992a,b) may be entirely responsible for the decrease in Rh.
Time constants
b , which has been shown to be a sensitive indicator of modifications in membrane resistance (Ito and Oshima, 1965; Zengel et al., 1985; Engelhardt et al., 1989 Engelhardt et al., , 1995 , decreased after the application of Hcrt. Because it is assumed that membrane capacitance remains constant in the present experimental paradigm, Hcrtinduced changes in b are expected to reflect a decrease in membrane resistance. c has been proposed to be caused by the passive soma-dendritic redistribution of the charge injected through the membrane (Rall, 1969 (Rall, , 1977 . The decrease in c that followed the application of Hcrt provides further supports the concept that this peptide induces alterations in specific resistances of the motoneuron membrane (Rall, 1977; Engelhardt et al., 1989) .
The preceding changes in b and c , as well as those in the time course of the dorsal root-induced EPSP, indicate that one or more ionic conductances of spinal motoneurons are activated after the application of Hcrt. The question then arises of why the Hcrt-induced increase in membrane conductance was not reflected by similar changes in R in . It is possible that this discrepancy is attributable to the activation of cationic currents accompanied by the decrease of a different cationic current. Data obtained from in vitro studies indicate that Hcrt acts on some postsynaptic neurons by activating inward currents (i.e., Ca 2ϩ and the electrogenic Na ϩ /Ca 2ϩ exchanger currents) Eriksson et al., 2001; Burlet et al., 2002) . In contrast, a Hcrt-induced decrease in the K ϩ current has been documented for neurons in the locus coeruleus (Hagan et al., 1999; Horvath, 1999; Ivanov and Aston-Jones, 2000) . These actions of Hcrt on different cationic currents would elicit depolarization without significant changes in the R in on the postsynaptic cell Burlet et al., 2002) . In addition, changes in b have been proposed to be more sensitive than those of R in to both proximal and distal alterations in membrane conductance (Carlen and Durand, 1981) . Redman et al. (1987) have proposed that the disparity between changes in b and R in may be a result of modifications in the resting potassium conductance at distal dendritic sites. In previous studies, we have reported that disproportionate changes of b , compared with those of R in , occur in hypo-glossal motoneurons during postsynaptic inhibitory processes .
The preceding results are in agreement with those obtained from in vitro studies that have reported that Hcrt produces neuronal depolarization (Horvath et al., 1999; Bayer et al., 2001; Eggermann et al., 2001; Eriksson et al., 2001; Liu et al., 2001 Liu et al., , 2002 Brown et al., 2002; Soffin et al., 2002) and changes in membrane conductance (Eriksson et al. 2001; Burlet et al. 2002) . However, in neurons of the locus coeruleus, the application of Hcrt promotes depolarization accompanied by a decrease or no change in membrane conductance (Hagan et al., 1999; Ivanov and Aston-Jones, 2000) . Thus, it is conceivable that Hcrt acts differentially according to the intrinsic properties of the target cell to produce an increase in its excitability.
Mode of action of Hcrt on motoneurons
Hcrt-induced effects on lumbar motoneurons may be attributable to presynaptic or postsynaptic mechanisms. The examination of this question using in vitro techniques has indicated that both mechanisms of action exist for Hcrt in other cells Bayer et al., 2001; Eriksson et al., 2001; Burlet et al., 2002 , Grudt et al., 2002 . Although the present experimental design cannot provide definitive evidence, we proposed that the Hcrt system normally acts on spinal motoneurons both presynaptically and postsynaptically for the following reasons. We found that after Hcrt application there was an increase in membrane depolarizing noise in a small number of motoneurons. This indicates that Hcrt is capable of acting presynaptically by increasing the release of neurotransmitter, putatively glutamate, from a population of axon terminals that impinge on spinal motoneurons John et al., 2003; Peever et al., 2003) . In favor of a postsynaptic action of Hcrt, (1) applied Hcrt produced large-amplitude, long-lasting membrane depolarization, which would not be expected if the mechanism of action were purely presynaptic (Del Negro and Chandler, 1998; Parker et al., 1998) , and (2) preliminary anatomical data indicate that Hcrt-containing fibers are apposed to lumbar motoneurons and that these cells contain Hcrt membrane receptors . A physiological postsynaptic effect induced by Hcrt is peculiar, because most peptides are colocalized with and act to alter the release of classic neurotransmitters (Lohof et al., 1993; Li et al., 1998) . There are, however, reports that indicate a postsynaptic action for Hcrt and other neuropeptides such as substance P (Li and Zhuo, 2001; Burlet et al., 2002; Katayama et al., 2003) .
Considerations of the physiological significance of Hcrt actions on spinal motoneurons
The hypocretinergic system has been suggested to play a role in a variety of physiological processes, most of which involve activation of the somatomotor system (Pu et al., 1998; Chemelli et al., 1999; Haynes et al., 1999; Lin et al., 1999; Siegel, 1999; Tamura et al., 1999; Kilduff and Peyron, 2000; Sutcliffe and de Lecea, 2000; Lin et al., 2002; Wu et al., 2002) . Hcrtcontaining neurons project to regions that are involved in the generation of somatomotor activity Zhang et al., 2002 ) that provides a foundation for the concept that Hcrt is involved in the control of motor processes. Functional data that support this concept have been reported (Sakurai, 1999) . Hypocretin has been shown to excite neurons in areas involved in the control of motoneuron activity such as the ventral tegmentum, locus coeruleus noradrenergic neurons, cholinergic and non-cholinergic neurons in the dorsolateral pontine tegmentum, and neurons in the nucleus pontis oralis (Hagan et al., 1999; Horvath et al., 1999; Ivanov and Aston-Jones, 2000; Nakamura et al., 2000; Burlet et al., 2002; Soffin et al., 2002; Xi et al., 2002) . In addition, data recently provided by Kiyashchenco et al. (2002) and Wu et al. (2002) indicate that an increased release of Hcrt occurs during periods of wakefulness accompanied by movement. Furthermore, Torterolo et al. (2003) found that Hcrt-containing neurons are activated only during behaviors that entail somatomotor activity [i.e., active wakefulness as well as carbachol-induced rapid eye movement (REM) sleep with its ancillary motor activity such as REMs and muscular twitches], whereas these neurons are not activated during wakefulness in the absence of movement or during quiet (non-REM) sleep.
The present results indicate that Hcrt enhances motoneuron excitability and promotes motoneuron discharge. Hcrt-induced excitation of motoneurons, mediated by presynaptic and postsynaptic mechanisms, provides hypocretinergic neurons with the capability of modulating the level of activity of the final common pathway (i.e., somatic motoneurons). We propose that this action of Hcrt on motor output is important in the physiological regulation of motor activity in situations that involve certain hypothalamus-driven behaviors and that its deficit is a critical element in the pathophysiology of cataplexy.
